Although demineralized bone matrix has been considered a successful grafting material, combining both osteoconductive and osteoinductive properties, conflicting results have been published in the literature regarding its bone-inducing abilities. This may be a consequence of following different demineralization procedures that naturally result in products with different properties.
Introduction
Demineralized bone matrix (DBM) is often applied in orthopedics, periodontics, oral and maxillofacial surgery because of its inherent osteoconductive and osteoinductive properties (Bauer and Muschler, 2000; Eppley et al., 2005) . It can be used either alone (Libin et al., 1975; Morone and Boden, 1998; Pietrzak et al., 2005) or in combination with bone marrow, autogenous bone graft, or other materials (Nade and Burwell, 1977; Kim et al., 2002; Kucukkolbasi et al., 2009) . After surface manipulation (namely by chemical modification), demineralized bone has also been found promising as an effective carrier for therapeutic delivery in bone infective sites (Murugan and 2005; Lomas et al., 2001; Peterson et al., 2004; Bae et al., 2006) , which can justify the conflicting results found in the literature. In fact, different demineralization protocols have been adopted (Nade and Burwell, 1977; Walsh and Christiansen, 1995; Zhang et al., 1997) , using not only different acids (and acid concentrations) but also different grafting materials (cortical or cancelous bone) under distinct configurations (from long bone to blocks and particles with different shape and size characteristics). In addition, donor specifications (Lohmann et al., 2001; Traianedes et al., 2004) and preservation methods (freeze-dried or fresh frozen) (Martin et al., 1999; Schwartz et al., 1996) have also proven to influence the properties of DBM. Furthermore, correlations with morpho-structural changes caused by demineralization are seldom described in the literature.
The process of bone demineralization is normally carried out by immersing the sample in a variety of strong and/or weak acids. In the case of using HCl (the most frequently used acid), the major inorganic constituent of bone (hydroxyapatite) reacts to form monocalcium phosphate and calcium chloride (Horneman et al., 2004; Dorozhkin, 1997) . Bone samples are usually demineralized in 0.5-0.6 M HCl in order to remove bone mineral efficiently while leaving the graft osteoinductive (Pietrzak et al., 2009 ). However, and as mentioned before, sometimes the objective of bone demineralization is just to provide a flexible material regardless of its osteoinductive potential, or an "inert" matrix (containing no significant amount of signal molecule content) to be used in some clinical and research applications.
The kinetics of demineralization has been investigated in samples with planar and cylindrical geometries, confirming that this is a diffusive rate limited process with a sharp advancing reaction front (Lewandrowski et al., 1996 (Lewandrowski et al., , 1997 Hansen, 1974) . Special emphasis has been given to the penetration depth of this reaction front throughout the process, including its visual evaluation using SEM (Lewandrowski et al., 1997) .
Despite the extensive use of demineralized bone allografts in clinical practice as well as in tissue engineering applications, systematic works regarding their physico-chemical properties are relatively scarce regardless of being reported that these properties play a major role in the final graft performance. The influence of structural elements as porosity and pore size, for instance, is recognized as an important factor to promote cellular migration and adhesion in bone grafts, enhancing its biointegration (Karageorgiou and Kaplan, 2005) .
The present study aimed to evaluate the effect of using high concentrations of hydrochloric acid ([HCl] ≥ 0.6 M) on the demineralization rate and on the physical and chemical characteristics of similar samples of human cortical bone under block form (as currently used in bone banking procedures). For that purpose, the residual calcium content of the samples was measured (by Atomic Absorption Spectroscopy) as a function of the immersion time, for each acid concentration tested, enabling to evaluate the corresponding kinetic profiles. XRay Diffraction and Fourier Transform Infrared Spectroscopy were used to assess phase and chemical alterations. Finally, the influence of acid concentration on structural and morphological features of the specimens was examined by Light and Scanning Electron Microscopy, and quantified by Mercury Intrusion with respect to porosity and pore size distribution.
Materials and methods

Bone samples
The starting material used in this study was a human femur from a 39-year-old male donor, supplied by the bone bank of Coimbra University Hospital (Portugal) (Judas et al., 2005) . The femoral diaphysis, with a length about 35 cm and around 4 cm diameter, was transversely cut into 1 cm thickness slices which were afterwards sectioned into four similar pieces. In addition to these samples (1/4 slice), taken as reference in the demineralization studies, some larger specimens (half slices) were reserved for porosity analysis. It should be mentioned that whenever trabecular bone was found inside the diaphysis, it was carefully removed to obtain only compact bone samples. All samples were degreased through immersion in an alcohol series (ethanol at 70%, v/v), followed by washing with distilled water. They were then kept in hydrogen peroxide (30%, v/v) for at least 48 h and rinsed again. Finally, they were stored in formaldeyde solution (4%, v/v) at 4 • C.
Before use, the samples were thoroughly rinsed with distilled water and subsequently dried in a vacuum oven at 40 • C until constant weight. Samples dry weight (referred to as "initial weight") ranged from 1.6 to 2 g for the standard samples to nearly 4 g for the larger samples (half slices).
Analytical grade type I collagen and hydroxyapatite, purchased from Sigma-Aldrich (Portugal), were used to obtain the corresponding FTIR spectra for comparison with control and demineralized samples.
Demineralization procedure
The demineralization process started by placing each individual sample over a piece of gauze (to avoid contact with the bottom of the bath) in 200 cm 3 HCl aqueous solution, independently of the samples weight and acid concentration (0.6 M, 1.2 M and 2.4 M). For the lowest acid concentration, this volume is at least four times in excess to that needed to demineralize the sample (21 cm 3 of 0.6 M HCl are needed to demineralize 1 g of bone). For the other concentrations, the excess of acid is much larger. Each sample was withdrawn from the corresponding bath at pre-determined immersion times (6 h, 18 h, 24 h, 48 h and 72 h) and thoroughly washed in freezing water until neutral pH. These samples were again dried in vacuum oven at 40 • C until constant weight, to determine the respective final weight after demineralization.
Atomic Absorption Spectroscopy (AAS)
The calcium content of both the demineralized and the non-demineralized samples was determined by AAS, which required the previous removal of the bone organic matrix and subsequent dissolution of the mineral phase. For that purpose, each sample was calcined at 700 • C for 24 h and subsequently dissolved with concentrated HNO 3 at 80 • C. After dilution to a convenient concentration (1-5 ppm), the respective calcium concentration was determined using a PerkinElmer 3300 model (at 422.7 nm). The final result is the average of three independent measurements (each corresponding to 1/4 of slice) with 0.95 confidence level.
Thermal analysis
The control samples (natural cortical bone) were additionally submitted to Differential Scanning Calorimetry associated to Thermal Gravimetric Analysis (DSC-TGA) using the model Stanton Redford PL-STA 1500 from Polymer Laboratories. The obtained data enabled detailed information about the sample thermal decomposition and about the relative proportions of the bone matrix components (mineral, organic material and water). Samples were previously reduced to powder form (15-26 mg), by hand grinding in a ceramic mortar and pestle, and heated from 30 • C to 700 • C, at 10 • C/min, under oxidizing atmosphere using 55 ml/min flux of air.
XRD-X-Ray Diffraction Spectroscopy
XRD was used to monitor the phase composition features of the samples demineralized with 1.2 M HCl at various immersion times. The sample spectra were collected using a Phillips diffractometer operating in the Bragg-Brentano configuration with Co K␣ ( = 1.78897 Å) radiation at a current of 35 mA and an accelerating voltage of 40 kV. Spectra were recorded in the range 10 • < 2Â < 100 • at a scanning speed of 7 • /min and step size of 0.02 • . The obtained X-ray patterns of the samples were compared with the pattern given by hydroxyapatite and assignments were based on the corresponding data from International Centre for Diffraction Data (ICDD; Powder Diffraction File no. 09-0432). The samples were partially reduced to powder form (∼500 mg) before analysis.
FTIR-Fourier Transform Infrared Spectroscopy
FTIR was used to investigate alterations in the samples chemical composition caused by the demineralization process. Samples were reduced to powder form by scratching its surface (using about 10 mg per analysis). The resulting spectra were further compared with that from type I collagen, analysed using the same equipment. Occasionally, it was found necessary to examine the inner section of the samples in order to evaluate the progression of the demineralization reaction front. In these cases, the samples were fractured and the powder removed from its interior was subsequently analysed. The FTIR spectra were recorded in the range 400-4000 cm −1 in increments of 1.928 cm −1 , using the Magna FR-750 spectrometer from Nicolet in the attenuated total reflection (ATR) mode. Each spectrum was collected at room temperature at a nominal resolution of 4 cm −1 and the number of sample scans was 32.
Mercury porosimetry
Mercury porosimetry was used to measure the porosity and pore size distribution of the larger samples (half slices) demineralized for 24 h in different HCl solutions (0.6 M, 1.2 M and 2.4 M). Duplicate measurements were performed. A third sample was additionally used when the measured porosities differed by more than 5%. The reduced number of samples analysed by mercury intrusion (only those corresponding to 24 h) results from the relatively large quantity of sample needed for this technique (in comparison to the others used in this study) and, naturally, from the limited amount available. The porosimeter used was the Poresizer 9320 from Micromeritics and the pressure range varied between 0.5 psi and 30,000 psi, which enabled the measurement of pore diam- eters between 400 m and 0.006 m, respectively. Porosity was determined from the difference of the volumes of mercury intruded in the sample structure at these two extreme pressures. From the pressure versus intrusion data the equipment automatically generates cumulative and differential pore size distributions (based on the Washburn equation) (Lowell and Shields, 1991) . Additionally, this technique enables the calculation of the bulk and skeletal densities, corresponding to the volumes measured at the lowest and the highest intrusion pressures, respectively. It should be stressed that the sample bulk volume includes almost all open pores whereas the skeletal density only includes pores smaller than the lower detection limit of the equipment (6 nm in the present case) (Lowell and Shields, 1991) . The knowledge of these parameters is relevant, for instance, when the objective is to substitute one material by another with identical weight characteristics.
Microscopy
Morphologic and microstructural analysis of the control and of the totally demineralized samples (70 h immersion in 1.2 M HCl) was performed using Light Microscopy and Scanning Electron Microscopy (SEM). Light microscopy was performed using a Nikon Optiphot equipment. The surface lying in the plane perpendicular to the long axis of bone samples was polished using increasing grades of silicon carbide paper and finished with both 3 m and 0.25 m diamond suspension.
SEM observations were carried out in a Philips XL30 microscope operating at 5-15 kV. The test samples were mounted on a double-coated carbon conductive tape and copper sputter coated.
3.
Results and discussion
Thermal analysis
DSC-TGA results of the non-demineralized sample, obtained under oxidizing conditions, between ambient temperature and 700 • C, are shown in Fig. 1 . The combined analysis of the thermogram (TGA curve) and the heat flow profile (DSC curve) indicates that the first weight loss (8%) occurs between 20 • C and 200 • C (peak at 108 • C) and corresponds to an endothermic process. The second weight loss (27%) derives from exothermic reactions (peaks at 370 • C and 460 • C). These losses correspond, respectively, to the dehydration of the sample and to the decomposition of collagen and other residual organic components associated to this molecule (Lim, 1975; Peters et al., 2000; Mkukuma et al., 2004) . These results show that the mineral content of bone is 65%. Considering that the mineral part of bone is essentially hydroxyapatite (Ca 10 (PO4) 6 (OH) 2 ), the calcium content of non-demineralized samples can then be estimated as 26% (0.40 × 0.65). However, it is frequently mentioned that bioapatites are usually calcium deficient due to the substitution of some ions in the crystal lattice (Lim, 1975; Peters et al., 2000; Mkukuma et al., 2004) .
Kinetics of demineralization
As mentioned above, Atomic Absorption Spectroscopy (AAS) was used to assess the calcium content of the samples. In the case of the control sample (non-demineralized) the calcium content was determined as 26%, in excellent agreement with the value estimated from thermal analysis. From the residual calcium content of the partially demineralized samples, at various immersion times and using distinct acid concentration, it was possible to determine the corresponding kinetic profiles. In these profiles, the nondemineralized samples were taken as reference, and thus their residual calcium content was taken as 100%.
The kinetic profiles representing the demineralization processes using initial concentrations of 0.6 M, 1.2 M and 2.4 M HCl (from 0 h to 72 h) are illustrated in Fig. 2 and can be described by a linear equation (Eq. (1)) of the type:
where y is the residual calcium percentage, x is the immersion time expressed in hours and K (the slope) is a constant. The values of K, representing the rate of demineralization, are listed in Table 1 together with the corresponding Coefficient of Determination (R 2 ). As expected, the higher the acid concentration, the larger is the demineralization rate. Moreover, after 24 h immersion, the only sample that contains a residual calcium percentage less than 50% is the one treated with 2.4 M HCl. However, as Fig. 2 and Table 1 show, the decrease in the calcium content is more pronounced when the initial HCl concentration increases from 0.6 M to 1.2 M than when this concentration is increased from 1.2 M to 2.4 M (K value nearly doubled in the first situation whereas in the latter only an increase of 50% was observed). These findings are in agreement with the work of other authors that reported that the diffusion coefficient decreased significantly for higher acid concentration (>1 N) (Horneman et al., 2004) . The explanation given was that higher proton concentration originates higher concentration of all the ions, resulting in higher friction forces between them, which in turn lower the increase of the demineralization rate. Other authors, however, attribute the reduction in diffusivity to the alteration of collagen and other bone matrix proteins, which progresses with immersion time and acid concentration (Lewandrowski et al., 1996) .
XRD
X-Ray Diffraction Spectroscopy was used to qualitatively evaluate the phase composition of bone samples throughout demineralization with 1.2 M HCl. The evolution of XRD patterns with demineralization time (0 h, 12 h, 24 h and 48 h) is illustrated in Fig. 3 , together with the spectrum of hydroxyapatite. The diffractogram of the control sample (0 h) presents some distinct diffraction peaks, attributed to the mineral phase, superimposed on a broad band indicating an amorphous phase that corresponds to the organic component of bone (type I collagen), as confirmed by FTIR in Section 3.4. The diffraction peaks, namely at 2Â = 30.2 • , 37.1 • , 46.6 • , 54.8 • , 58.2 • and 62.7 • , correspond to the most intense characteristic peaks of hydroxyapatite being respectively assigned to the following Miller plans: (0 0 2), (2 1 1), (3 1 0), (2 2 2), (1 2 3) and (0 0 4) (Danilchenko et al., 2002 (Danilchenko et al., , 2004 .
The evolution of XRD patterns with demineralization time is consistent with major phase differences detected in the analysed samples: from a poorly crystalline (t = 0 h) to completely amorphous (t = 48 h). After 12 h demineralization, only the most intense peaks from hydroxyapatite ((0 0 2) and (2 1 1)) could still be observed, whereas the others could not be clearly distinguished from the broad band of the amorphous phase. In addition to the decrease of the relative intensity of all diffraction lines (denoting the progressive decrease in the mineral content), a slight broadening of the (2 1 1) peak, in particular, was also observed. This is consistent with the decrease of the crystallinity of the hydroxyapatite, as well as of the crystal size (Danilchenko et al., 2004) . At 24 h, the (2 1 1) peak was barely However, according to the kinetic data ( Fig. 2) , after 48 h immersion in 1.2 M HCl, the sample still contains 20% residual calcium relative to the control sample. This corresponds approximately to 5% calcium content (or 12.5% hydroxyapatite) in the sample total weight. Such low content may justify the non-detection of peaks from the mineral. In addition, the absence of the diffraction lines may also be due to the deterioration of the crystal lattice.
FTIR
FTIR was used to determine the chemical composition of bone samples before and after demineralization. The direct comparison of the spectra of the control sample with the spectra of hydroxyapatite and collagen (Fig. 4) confirm the dual-phase composition of natural bone. In fact, the most intense bands that occur at 557 cm −1 and 1012 cm −1 (with a shoulder at 961 cm −1 ) are originated by phosphate stretching vibrations from the mineral component, whereas most bands above 1500 cm −1 are assigned to vibrations from the amide groups from collagen (Mkukuma et al., 2004; Chang and Tanaka, 2002; Murugan et al., 2006) . The peak around 3570 cm −1 corresponds to OH − vibrations. Carbonate substitutions in the apatitic lattice of bone originate a peak at 871 cm −1 and a double band in the 1300-1450 cm −1 region (Rey et al., 1989) . The bone samples submitted to HCl demineralization under different experimental conditions were analysed by FTIR to monitor the consequent changes in their chemical composition. Fig. 5 shows the FTIR spectra of bone samples after demineralization with HCl for the two extreme acid concentrations (0.6 M and 2.4 M) and for periods of 6 h, 24 h and 48 h. The collagen spectrum was used for comparison. The absence of PO 4 3− bands and the similarity between these spectra and that from collagen suggests the complete demineralization of all samples for all the immersion times, independently of the acid concentration. This is definitely not compatible with the kinetic results. In fact, for immersion times up to 48 h in 0.6 M acid solution, samples still contain more than 50% residual calcium. The absence of the hydroxyapatite peaks, especially for the lower immersion times and/or lower acid concentrations, can, however, be explained by the fact that these spectra correspond to the powder that was removed from the outer surface of the samples.
Since demineralization starts at the surface, the absence of the hydroxyapatite characteristics bands in the spectra of Fig.  5 was to be expected. Moreover, these results suggest that an increase in acid concentration does not significantly affect the structure and composition of the collagen remaining in the demineralized samples.
In order to further examine the progression of the demineralization, a complementary study was performed with the samples decalcified in 1.2 M HCl. After immersion for 12 h, 24 h and 48 h, these samples were further fragmented to expose their interior. The fragments collected from their inner section were subsequently analysed by FTIR and compared with those of the outer section (Fig. 6) . These results support the concept of a diffusion model and agree with the proposed theory of the unreacted core during demineralization (Horneman et al., 2004; Lewandrowski et al., 1996) . In fact, the obtained spectra clearly show that, for the outer sections, the bands from hydroxyapatite are no longer detected after 12 h immersion, whereas for the inner sections, those bands only vanish after 48 h. Nonetheless, and as mentioned in the discussion of the XRD results, the latter samples still contain a small amount of calcium (<5%).
Mercury porosimetry
The main purpose of using mercury intrusion was to quantify the influence of the acid on the porosity/pore size distribution of the partially demineralized bone samples. The results obtained for 24 h immersion in 0.6 M, 1.2 M and 2.4 M HCl are illustrated in Fig. 7 . In this figure, the cumulative intrusion curves of the samples tested are compared with the control sample (non-demineralized). As it can be seen, all curves present a similar profile, reflecting a significant intrusion of mercury in pore diameters between 300 m and 10 m (corresponding mostly to vascular porosity, that is, Harversian and Volkman Canals; Rho et al., 1998) , followed by a range of no intrusion (plateau) and then another intrusion, although small, for pores smaller than 0.01 m. The lat- ter pores correspond to spaces between collagen fibres and apatite crystals (the so called collagen-apatite porosity; Rho et al., 1998; Cardoso et al., 2007) . Nonetheless, the total intrusion volumes (related with porosity) present different values, depending upon the acid concentration ( Table 2) . As expected, the control sample corresponds to the lowest value of the intruded volume and the sample demineralized with 2.4 M HCl exhibits the highest value. In between are the curves corresponding to the samples immersed in 0.6 M and 1.2 M, which show little differences between them regarding mercury intrusion.
As mentioned before, intruded volume and porosity are not the only parameters measured by mercury porosimetry. Table 2 lists, in addition to mercury intruded volume, the values of bulk and skeletal density. The bulk density, defined as the ratio of the sample mass to the bulk volume, includes most sample pores. Similarly, the skeletal density corresponds to the skeletal volume, measured at the maximum intrusion pressure. For that, skeletal volume only includes the pores with apertures smaller than the lower limit of detection of the porosimeter used. Thus, the values measured for the bulk density are smaller than those of the skeletal density. The bulk density measured for the non-demineralized sample is in excellent agreement with the value reported for femoral cortical bone (1.85) (Karageorgiou and Kaplan, 2005) .
In order to validate the measured skeletal densities, these were compared with the corresponding theoretical values based on the mineral and organic contents of the samples. These theoretical values (also reported on Table 2 ) were estimated considering the density of hydroxyaptite as 3.16 and that of the collagen and water as 1.0.
The analysis of these values leads to the following conclusions: (i) a significant increase was found for the porosity of the sample immersed in HCl 2.4 M (about 70%) relatively to the control sample (non-demineralized); (ii) for the lower acid concentrations, smaller and comparable increments were found (about 33% and 40%, respectively for HCl 0.6 M and 1.2 M); (iii) the same trend was observed for both the bulk and the skeletal densities; (iv) the skeletal densities are in excellent agreement with the theoretical values estimated from the sample composition; this proximity not only confirms the adequacy of the technique but also reveal that the amount of unmeasured pores (<3 nm) is not significant. a Values estimated considering the density of hydroxyapatite as 3.16 and that of collagen and water both as 1.0. The composition of the control sample was taken as 65% hydroxyapatite and 35% water and collagen. The mineral contents of the partially demineralized samples were considered as 52%, 33% and 16%, respectively, for 0.6 M, 1.2 M and 2.4 M HCl. These values were calculated from the experimentally determined percentages of the samples residual calcium, considering the mineral part of these samples as hydroxyapatite.
Microscopy
Close examination of the fracture surfaces of the samples, before and after demineralization, was conducted to investigate the effects of the acid on the structural features of cortical bone (Figs. 8 and 9 ). As mentioned before, samples were visualized in a direction perpendicular to the long axis of the bone. The images from the control samples (Fig. 8) clearly illustrate the basic structural unit of cortical bone (Haversian System), composed of concentric lamellae around a central canal (Haversian Canal). Numerous osteocyte lacunar spaces, entrapped in the lamellae and some canaliculi are also evident.
After the demineralization process, the basic microstructure of cortical bone matrix was preserved. Nevertheless, several morphological alterations were observed (Fig. 9) . In fact, demineralized samples exhibited a certain degree of shrinkage, illustrated by a higher number of osteons per unit area (Fig. 9a) . Structural deformation of most lamellae (Fig. 9a-c) and an increase in the diameter of the Haversian Canals was also evident (Fig. 9b) . This is a consequence of the acidic removal of the apatite which causes the bone to lose most of its hardness and compressive resistance, leading to the deformation and collapse of the lamellae (Rho et al., 1998) .
The preservation of the basic microstructure is consistent with the similar shape of the intrusion curves obtained from porosimetry for the control as well as for the demineralized samples (Fig. 7) . Moreover, the increase in porosity measured by mercury intrusion for the demineralized samples (Table 2) is correlated to the increase in the diameter of the canals observed for these samples by microscopy.
Conclusions
The above results clearly show the modifications caused by the different demineralization procedures with respect to acid concentration. The first, and expected, conclusion was that the higher the initial acid concentration the higher the demineralization rate. Nonetheless, from the linear kinetic profiles, it could be concluded that this rate is not directly proportional to the HCl concentration: a relatively larger increment was observed when HCl was increased from 0.6 M to 1.2 M than that found when the concentration was varied from 1.2 M to 2.4 M. XRD spectra have shown the evolution of bone phase composition with the immersion time, from a low crystalline material with a dual-phase composition to a completely amorphous structure. The gradual decrease in the intensity of the hydroxyapatite peaks and the broadening of their width are consistent with the removal of the mineral from the bone matrix and with the crystal lattice degradation. However, it should be pointed out that the absence of the typical hydroxyapatite peaks does not necessarily indicate the total demineralization of the bone samples.
Since FTIR provided information about local chemical composition of the bone samples (internal and external surfaces), it was possible to confirm the diffusional character of the demineralization process. Despite all the FTIR spectra of the partially demineralized samples surface being similar and identical to that of the pure collagen, it would be interesting to investigate whether the collagen fibrils of the sample subjected to the highest acid concentrations were, to any extent, deteriorate. FTIR did not seem to be sensitive enough to elucidate this point, neither to detect hydroxyapatite peaks in low calcium contents samples.
As for the structural modifications, mercury intrusion revealed that the highest acid concentration resulted in the highest sample porosity and, consequently, in the lowest values of bulk and skeletal densities. Curiously the samples immersed in 0.6 and 1.2 M HCl exhibited very similar structural features.
Microscopic observations not only confirmed the existence of pores in the range of the mercury intrusion curves for the control and demineralized samples, but also illustrated the preservation of the basic structure of bone after demineralization, in spite of significant morphological alterations.
